The unique germfree, colostrum-deprived, immunologically "virgin" piglet model was used to evaluate the ability of lactoferrin (LF) to protect against lethal shock induced by intravenously administered endotoxin. Piglets were fed LF or bovine serum albumin (BSA) prior to challenge with intravenous Escherichia coli lipopolysaccharide (LPS), and temperature, clinical symptoms, and mortality were tracked for 48 h following LPS administration. Prefeeding with LF resulted in a significant decrease in piglet mortality compared to feeding with BSA (16.7 versus 73.7% mortality, P < 0.001). Protection against the LPS challenge by LF was also correlated with both resistance to induction of hypothermia by endotoxin and an overall increase in wellness, as quantified by a toxicity score developed for these studies. In vitro studies using a flow cytometric assay system demonstrated that LPS binding to porcine monocytes was inhibited by LF in a dose-dependent fashion, suggesting that the mechanism of LF action in vivo may be inhibition of LPS binding to monocytes/macrophages and, in turn, prevention of induction of monocyte/macrophage-derived inflammatory-toxic cytokines.
Despite the development of potent, broad-spectrum antibiotics, septic shock remains both the most frequent cause of death of intensive care patients and the 13th leading cause of death overall in the United States (20) . Death from septic shock is thought to be a consequence of the effect of monocytederived cytokines such as tumor necrosis factor alpha (TNF-␣), interleukin 1 (IL-1), and IL-6, which are induced in response to bacterial endotoxin (lipopolysaccharide [LPS] ). A number of approaches that block the action of endotoxin on target cells have been evaluated as potential therapies for septic shock, including anti-LPS monoclonal antibodies (MAbs) and anti-TNF-␣ antibody (4, 31) . The results of these evaluations have been mixed at best. Recently, a number of reports have suggested that the naturally occurring protein lactoferrin (LF) may be a therapeutic candidate for septic shock (1, 14) .
LF is a 77-kDa iron binding glycoprotein found in high levels in various secretions, e.g., milk and pancreatic juice (25) , and is resistant to acids and several proteases (19) . Because LF is very stable, it can be used in in vivo experiments to investigate its protective effects against lethal shock due to endotoxin. In vitro studies have demonstrated both bacteriostatic (6, 18, 28) and bactericidal (2, 3, 8, 9) activities of LF for gram-negative organisms via two possible mechanisms. One is to chelate iron ions, which are essential for bacterial growth (5, 6) , and the other is to destabilize the outer membrane of gram-negative organisms (8) . Recently, it was reported that LF exhibits binding activity for the lipid A portion of LPS, which may serve to inhibit monocyte activation and cytokine production by interfering with the access of endotoxin to its cell surface receptor (1) .
In the current study, we have tested the ability of oral LF to modulate lethal endotoxin shock in vivo. As a model system, we have employed the unique, germfree (GF), colostrum-deprived, immunologically "virgin" Minnesota miniature piglet (13) and oral feeding of LF that will allow introduction of intact LF into the blood circulation via gastrointestinal absorption (16) . The use of this unique model system allows the study of the response to true primary toxicity of endotoxin (the lipid A portion of LPS) in the absence of any secondary toxicity due to the acquisition of hypersensitivity by the host to some portion of the LPS preparation, namely, O and R polysaccharides and contaminating peptides. The primary and secondary toxicities are interdependent, depending on the immunological state of the host. Therefore, the biological activity of the endotoxin will vary not only because of the heterogenicity of the preparation but also because of its dependency on the immunological reactions of the host to the various portions of the endotoxin (10) (11) (12) 27) . (i) In immunologically virgin animals, which have neither hypersensitivity nor acquired immunity, biological activity is due entirely to the primary toxicity of the lipid A portion of the endotoxin. (ii) So-called normal animals may have been exposed to the environment (microbes, endotoxins) and will develop hypersensitivity, as well as acquired immunity, to various degrees and will have various degrees of susceptibility. Here, both the primary and secondary toxicities interdependently enhance their activities, and interaction due to various low degrees of acquired immunity (the anti-lipid A portion of endotoxin) is also possible. (iii) Sensitized animals have a high degree of hypersensitivity and a low degree of immunity. Here, primary toxicity and secondary toxicity will be greatly enhanced interdependently, and the animals become extremely susceptible to the endotoxin. (iv) In immunized animals (so-called tolerant animals), in which the degree of hypersensitivity is not important because the primary toxicity is blocked by antiendotoxin antibody, secondary toxicity is not enhanced and acts to desensitize the animals. We demonstrated that so-called tolerance is, in fact, specific immunity to the endotoxin (the lipid A portion) due to 19S antibodies which are capable of assisting phagocytes to detoxify the primary toxicity. Antibodies to O and R polysaccharides play a little role in antiendotoxin immunity and may actually contrib-ute to secondary toxicity. Thus, we will be able to examine the protective effects of LF against the primary toxicity of endotoxin (LPS)-induced lethal shock.
MATERIALS AND METHODS
Animals. GF, colostrum-deprived, immunologically virgin, neonatal Minnesota miniature piglets were aseptically obtained by hysterectomy 0 to 5 days prior to term (the expected date of confinement [EDC] ). The body weights of newborn GF piglets ranged from 450 to 650 g. Randomly selected littermates were maintained in GF isolators and fed a milk-free soy protein formula, Nursoy (Wyeth Laboratories, Inc., Philadelphia, Pa.). Young adult, specific-pathogen-free Minnesota miniature swine were maintained in a barrier-sustained facility with filtered air (HEPA filter) and fed with an autoclaved diet and chlorinated water.
All GF piglet littermates were divided into three groups. Group A, the LF-LPS group, was fed with 2,000 mg of sterile LF (Tatua Biologics, Morrinsville, New Zealand) in 10 ml of phosphate-buffered saline (PBS) by gastric tube at 0, 8, and 20 h after birth and fed with 20 mg of sterile LF per ml of Nursoy (diluted 1:2 with distilled water) every 4 h after birth. Group B, the bovine serum albumin (BSA)-LPS group, was fed with 2,000 mg of sterile BSA (A2153, fraction V, 96% pure; Sigma Chemical Co., St. Louis, Mo.) in 10 ml of PBS by gastric tube at 0, 8, and 20 h after birth and fed with 20 mg of sterile BSA per ml of Nursoy (diluted 1:2 with distilled water) every 4 h after birth. Group C, the control group, was fed with only 10 ml of sterile PBS (pH 7.2) by gastric tube at 0, 8, and 20 h after birth and maintained with sterile Nursoy (diluted 1:2 with distilled water) given every 4 h after birth. Both groups A and B were injected with 750 or 850 g of Escherichia coli O55:B5 LPS (L-2637, lot 123H4024; Sigma Chemical Co.) per kg of body weight into the jugular vein at 23 h after birth (3 h after the last tube feeding of LF or BSA), while group C was injected with only 1 ml of PBS. Rectal temperatures were measured, and clinical symptoms (degree of weakness, degree of food intake, and death) were observed at 0, 1, 2, 3, 6, 9, 12, 20, 24, 28, 32, 36, 44, and 48 h after LPS injection.
Bovine LF. Bovine LF was purchased from Tatua Biologics (batch TB194048) and was Ͼ95% pure, as judged by polyacrylamide gel electrophoresis. Fluorescein isothiocyanate (FITC)-labelled E. coli O55:B5 LPS (catalog no. F7632) was purchased from Sigma Chemical Co. Anti-CD14 MAb My23.5 was kindly supplied by Michael Fanger, Dartmouth Medical School, and goat anti-mouse immunoglobulin G-FITC was purchased from Southern Biotech (Birmingham, Ala.). RPMI 1640 with HEPES was the product of BioWhittaker, Walkersville, Md.
PBM isolation. Porcine peripheral blood mononuclear cells (PBMs) were isolated from whole blood of young adult, specific-pathogen-free swine by density gradient centrifugation on Histopaque (Sigma Chemical Co.). Whole blood was diluted 1:3 with Dulbecco's PBS (Ca 2ϩ and Mg 2ϩ free) and layered on 10 ml of Histopaque in a 50-ml conical tube (maximum of 25 ml of diluted blood/tube). Gradients were centrifuged at 400 ϫ g and room temperature for 35 min, and the PBM layer was harvested by aspiration with a Pasteur pipette. The pooled PBMs were washed twice with 12 ml of cold RPMI 1640 and resuspended in 10 to 12 ml of cold RPMI 1640. Cell yield was determined by hemocytometer counting, using trypan blue to determine the viability of the cells.
Flow cytometric analysis of LPS binding to PBMs. A flow cytometric assay was developed to assess the effect of LF on the binding of LPS to porcine PBMs. PBMs isolated as described above were resuspended at 5 ϫ 10 6 /ml in cold RPMI 1640 supplemented with 10% (vol/vol) heat-inactivated (56°C, 30 min) autologous serum. A 200-l volume of the cell suspension was mixed with 100 l of LF in RPMI 1640 at the indicated concentration or with RPMI 1640 alone and then preincubated on ice for 15 min. Following this incubation, 10 l of 200-g/ml LPS-FITC (E. coli O55:B5; Sigma) was added (6.45-g/ml final concentration) and the mixture was incubated for an additional 60 min at 4°C. The incubation was terminated by addition of 1 ml of cold assay buffer (PBS-2% fetal bovine serum-0.1% azide), followed by centrifugation. The cell supernatant was discarded, and the cells were washed twice with 1 ml of cold assay buffer and then resuspended in 500 l of cold assay buffer. Cells were kept on ice until flow cytometer analysis. In studies on the role of monocyte CD14 antigen in LPS binding in this model system, anti-CD14 MAb My23.5 was substituted for the LF in the above-described protocol at a final concentration of 2 g/ml, and the cells were preincubated with the MAb for 30 min on ice prior to the addition of LPS-FITC.
Flow cytometric analysis of LPS-FITC binding was done on a Becton Dickinson FACScan by using logarithmic amplification of the FITC fluorescence signal, and the data were acquired on a total of 10,000 PBMs/sample. For routine analysis of LPS-FITC binding to monocytes, dot plots of forward light scatter versus 90°light scatter were used to differentiate lymphocytes and monocytes, based on the elevated 90°light scatter of the latter. Flow cytometric analysis of cells stained with the anti-CD14 MAb, followed by anti-mouse immunoglobulin G-FITC, demonstrated that, typically, Ͼ80% of the cells falling within the monocyte light scatter gate reacted with this monocyte-specific MAb (data not shown). For analysis, a cutoff was set on the negative control population, such that less than 1% of the total monocytes were scored as positive for LPS-FITC binding, and the percentage of cells binding LPS-FITC was determined for the experimental samples. The percent inhibition of LPS-FITC binding to monocytes was calculated by using the following formula: % inhibition of LPS-FITC binding ϭ 
RESULTS
Effect of LF on lethal endotoxin shock. All GF piglets were divided into three groups. Those in group A (LF-LPS) were fed with LF to observe the protective effect against a lethal endotoxin shock. For comparison, those in group B (BSA-LPS) were fed with BSA, which is known to have no effect on endotoxin lethality (data not shown). Those in group C (control) were fed with PBS alone as an additional control. All GF piglets were fed by gastric tube to administer measured amounts of LF, BSA, and PBS. Each group was randomly assigned from each sex after division of littermates into males and females. The dosages (LD 75 ) of LPS injected intravenously (i.v.) were 750 g/kg for GF piglets obtained 3 to 5 days prior to EDC and those with less than 500 g of body weight obtained 0 to 2 days prior to EDC and 850 g/kg for GF piglets with over 500 g of body weight obtained 0 to 2 days prior to EDC.
The results in Table 1 demonstrate that there was a marked difference (16.7 versus 73.7%) in the mortality induced by endotoxin between the LF-LPS and BSA-LPS groups (P Ͻ 0.001). In both the LF-LPS and BSA-LPS groups, more than 30% of the deaths (1 of 3 in the LF-LPS group, 5 of 14 in the BSA-LPS group) took place within 12 h, more than 60% of the deaths (2 of 3 in the LF-LPS group, 9 of 14 in the BSA-LPS group) took place within 24 h, and more than 90% of the deaths (3 of 3 in the LF-LPS group, 13 of 14 in the BSA-LPS group) took place within 36 h.
Changes in rectal temperature and toxicity score. Rectal temperatures were measured by an electronic digital thermometer. For objective evaluation of the clinical symptoms, a toxicity scoring system was developed (Table 2 ). In this scoring system, a high score indicates strong endotoxin toxicity.
The GF7042 littermates consisted of only two piglets, one treated with LF-LPS and the other treated with BSA-LPS. The LF-LPS piglet showed initial hypothermia followed by recovery, and the BSA-LPS piglet showed no such recovery and died after 24 h (Fig. 1A) . The BSA-LPS piglet showed increasing toxicity until the piglets died 24 h after injection, but the LF-LPS piglet maintained a lower toxicity score (Fig. 1a) . The GF7046 littermates consisted of four piglets. Two were treated with LF-LPS, and the other two were treated with BSA-LPS. The LF-LPS group was able to maintain normal body temperatures, while the BSA-LPS group immediately became hypothermic and one piglet died within 24 h after injection (Fig. 1B) . The LF-LPS group showed consistently low toxicity scores, while the BSA-LPS group had increased toxicity scores (Fig. 1b) .
The GF7047 littermates, consisting of six piglets, showed patterns of change in rectal temperature and toxicity score very similar to those of GF7046 littermates. In this set of litter- mates, one animal was included as a control and given 10 ml of sterile PBS by gastric tube and no LPS challenge. There were no differences in rectal temperature and toxicity score between the control group and the LF-LPS group (Fig. 1C and c) . Four GF7057 littermates presented very simple and clear results. Both piglets in the BSA-LPS group showed severe hypothermia with body temperatures dropping to 90°F, resulting in death between 9 and 12 h after LPS administration, whereas both piglets in the LF-LPS group showed mild hyperthermia rather than hypothermia within 12 h after LPS injection. The latter piglets appeared to be unaffected by the injected endotoxin and showed very low toxicity scores, while the former piglets died (toxicity score higher than 12) a short time after LPS injection ( Fig. 1D and d) .
Two GF7049 and two GF7050 littermates from two hysterectomies performed at the same time were randomly divided into three groups (three in the LF-LPS group, three in the BSA-LPS group, and two in the control group). The two former groups were injected with 850 g of LPS per kg of body weight according to the criteria of dosage determination (body weights were greater than 500 g). The temperatures of all of the piglets in the BSA-LPS group and 2 in the LF-LPS group acutely dropped to or below 94°F. All of these piglets subsequently died. The remaining piglet in the LF-LPS group was healthy and strong and showed no hypothermia, despite LPS injection. The changing toxicity score pattern of these littermates was similar to the body temperature pattern ( Fig. 2A and a) .
The GF7051 littermates were composed of five piglets (two in the LF-LPS group, two in the BSA-LPS group, and one in the control group). All piglets in the BSA-LPS group, except one, which showed severe hypothermia and died within 36 h after injection, showed mild hypothermia down to 96°F and kept their temperatures at that level ( Fig. 2B and b) .
Six GF7052 littermates were divided randomly into three groups of two piglets. While all of the piglets in the LF-LPS group and one in the control group had relatively constant body temperatures, all in the BSA-LPS group (two piglets) showed a rapid drop in body temperature for the initial 3 h after LPS injection and thereafter showed temperature fluctuations for more than 20 h, eventually dying. Although all in the BSA-LPS group showed relatively low toxicity scores (less than 10), they all died around 24 h after injection (Fig. 2C and c) .
The GF7062 littermates were six piglets (two in the LF-LPS group, two in the BSA-LPS group, and two in the control group). All piglets in the LF-LPS and BSA-LPS groups showed an initial acute drop in body temperature, while all in the control group were in the normal range. One in the LF-LPS group recovered from hypothermia, while another died around 12 h after injection. Two in the BSA-LPS group also recovered from hypothermia to a lesser extent than one piglet of the LF-LPS group, but they were unable to drink Nursoy by themselves and had a gradual increase in toxicity score to 10. Eventually, both of them died at 23 and 33 h after LPS injection ( Fig. 2D and d) .
Characterization of LPS-FITC binding to porcine monocytes. A flow cytometric assay was developed to monitor LPS binding to porcine PBMs. Density gradient-isolated cells were incubated with FITC-labelled E. coli LPS in the presence of autologous serum, and binding to PBMs was characterized by flow cytometry. Only LPS-FITC binding to monocytes was observed, as assessed by light scatter, and no significant binding to cells with light scatter characteristic of lymphocytes was noted (data not shown). Dose-response curves of LPS-FITC concentration versus percent positive cells demonstrated that 40 to 60% of the cells with light scatter characteristics of monocytes were positive for LPS-FITC binding (Fig. 3) . To verify that the cells binding LPS-FITC were, in fact, monocytes, cells were preincubated with a MAb to porcine CD14, a monocyte-specific antigen which has been shown to function as a receptor for LPS in humans (29) . As the results in Fig. 3 demonstrate, the anti-porcine CD14 MAb was effective in blocking LPS-FITC binding to PBMs, suggesting that all LPS binding occurs on monocytes.
Effect of LF on LPS binding to porcine monocytes. The flow cytometric assay was used to examine the effect of the preincubation of monocytes with LF on LPS-FITC binding. Isolated PBMs were incubated at 4°C for 15 min with various concentrations of LF, and then a fixed concentration of LPS-FITC was added. Cells were analyzed by flow cytometry, and the percent inhibition of LPS-FITC binding to monocytes was determined as described in Materials and Methods. As the results in Fig. 4 demonstrate, preincubation of cells with LF resulted in dose-dependent inhibition of LPS-FITC binding to porcine monocytes. Fifty percent inhibition of LPS binding under these conditions required an approximately 1:1 weight ratio of LF to LPS.
DISCUSSION
In the present study, the effect of oral LF administration on the response to lethal shock induced by intravenous LPS administration was studied in a GF, colostrum-deprived, immunologically virgin piglet model. Prefeeding of LF was clearly associated with a significant decrease in mortality, specifically, 17% for LF versus 74% for control animals fed BSA (Table 1 ; P Ͻ 0.001). These results represent the first report that oral administration of LF can significantly modify septic shock. In an earlier study using a murine model system, Zagulski et al. (30) reported significant protection from endotoxin shock by i.v. preadministration of LF. In the current model, oral administration of LF is likely associated with absorption of LF via the gastrointestinal tract and systemic dissemination, as GF piglets have been demonstrated to be capable of absorption of macromolecules for the first 3 days after birth (16) .
During the course of these studies, all animals were monitored for additional clinical correlates of endotoxin shock, including temperature, food consumption, and activity level (Table 2 ). In BSA-fed control animals, administration of LPS was followed immediately by the rapid appearance of hypothermia in 100% of the animals and 74% of the animals exhibiting hypothermia subsequently died. In contrast, only 38% of the LF-fed animals exhibited hypothermia and 13% subsequently died ( Fig. 1 and 2 ). The ability of LF to interfere with the induction of hypothermia suggests that its locus of action is one or more of the initial events leading to lethal shock. Endotoxin-induced shock is thought to be at least in part a consequence of LPS activation of monocytes/ macrophages, followed by production of cytokines, including TNF-␣, IL-1, and IL-6 (23, 24) . It has been demonstrated that LF firmly binds to LPS (1, 7) and/or inactivates LPS (26) , which inhibits the endotoxin-induced TNF-␣ and IL-6 responses (14, 15) . IL-6 is a major cause of hypothermia (21), but TNF-␣ is not (21, 22) . TNF-␣ is one of the principal mediators of the lethal effect of endotoxin (4) . A flow cytometric assay system developed to characterize LPS interactions with porcine PBMs clearly demonstrated preferential binding of LPS to CD14-positive PBMs (Fig. 3) , as is the case in humans (29) . Moreover, LF was able to inhibit LPS binding to porcine PBMs in a dose-dependent fashion (Fig. 4) , suggesting that the ability to block in vivo endotoxin shock may be a consequence of inhibition of LPS binding to monocytes. Although monocytes have been reported to possess LF receptors (17) , preliminary studies using PBMs have shown that preincubation of PBMs with LF is ineffective in blocking LPS binding if the cells are washed before addition of LPS-FITC. When LF and LPS-FITC were mixed in vitro and added to PBMs immediately or after preincubation for up to 60 min, the degrees of inhibition of LPS binding to PBMs by LF were not significantly different (8a). These observations and the fact that pretreatment of PBMs with an anti-CD14 MAb blocked the binding of LPS support the hypothesis that direct LF interaction with LPS may prevent endotoxin from binding to the cell surface CD14 receptor and other receptors of monocytes/macrophages and that this is followed by reduced TNF-␣ production, as well as reduced IL-1 and IL-6 production, resulting in a lower mortality rate in GF piglets challenged with parenterally administered endotoxin.
